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Abstract: We have recently shown that a hybrid magnetic thin film with orthogonal anisotropies
presenting weak stripe domains can achieve a high degree of controllability of its ferromagnetic
resonance. This work explores the origin of the reconfigurability through micromagnetic simulations.
The static domain structures which control the thin film resonance can be found under a deterministic
applied field protocol. In contrast to similar systems reported, our effect can be obtained under low
magnetic fields. We have also found through simulations that the spin wave propagation in the
hybrid is nonreciprocal: two adjacent regions emit antiparallel spin waves along the stripe domains.
Both properties convert the hybrid in a candidate for future magnonic devices at the nanoscale.
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1. Introduction

In the late 1900s of the last century, there has been a turning point in magnetic
materials research from the in-plane magnetized materials to materials having out-of-plane
components due to its perpendicular magnetic anisotropy (PMA). A gaining in recording
density was behind this transition [1]. The preferential research has commonly involved
hard magnets where the PMA is so strong that it overcomes the demagnetizing energy due
to charges. Typical examples are Pt, Pd alloys with Co or Fe [2] or multilayers formed by
a sequential arrangement of magnetic and non-magnetic materials [3]. However, these
materials need costly growth procedures and post-growth processes and the PMA involves
using high magnetic fields for its control. In this context, the use of materials with low PMA
is beneficial. A plethora of low PMA materials can be found: the former materials [2,3]
with different growth conditions and/or that are subjected to another post-treatments,
GdFe [4], Permalloy (Ni80Fe20) [5], CoSiB [6], CoFeZr [7], FeGa [8], TbFeGa [9], FeN [10],
c-Co [11] and some slight variants of them. Besides these materials, our group has also
used NdCox [12] and FeSix, [13] and YCo5 [14].

The dynamical properties of magnets have been long used as a method to obtain the
magnetic fundamental parameters of the materials [15,16] and/or to aid in the designing of
devices [17]. However, compared to studies at high magnetic fields, the analysis of dynamic
properties under saturation is comparatively scarce in the literature. Some exceptions can
be found in references [11,18–20]. This could mainly be due to its intrinsic complexity and
the lack of appropriate tools for analysis. In the last few years, some groups have been
promoting a more careful study of the physics in the low-field range due to the possibilities
that the developed domains are carrying with [21–25].

Nowadays, there is a need for obtaining magnet-based logic and filtering operations
of signal carriers with processing units holding some degree of versatility at the nanoscale
scale. Obtaining reconfigurable magnetic systems is one of the milestones needed for
improving the versatility and efficiency of such gigahertz devices. This work will focus
on a material which presents some of the above-mentioned peculiarities. Micromagnetic
simulations will help us in understanding the origin of some of the interesting dynamical
properties that weak PMA NdCox alloys coupled to a 10 nm thick Permalloy film present.
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As low thickness Permalloy holds in-plane magnetic anisotropy (IMA), we will deal with
a hybrid magnet distinguished by its coupled regions with orthogonal anisotropies. In
particular, we will treat the capability of this system for tuning its ferromagnetic resonance
(FMR). There is a field range where the system can resonate at will at two different values
under the same applied magnetic field. Although other proposals of reconfigurable sys-
tems can be found in the recent literature, they are helped by costly nanoscale shaping [26]
and mainly use only IMA materials (resulting in a lower domain density as mentioned
above) [27]. Simulations will also show that these hybrids have another useful property
in the GHz regime. At remanence, they present the possibility of using their stripe do-
mains as nonreciprocal spin-wave nanochannels. Both properties, reconfigurability and
nonreciprocity, can be used in the improvement of logical devices and interconnections for
beyond-CMOS architectures [28].

We will start with a brief discussion about the nanodomain sizes which can be ob-
tained using low PMA NdCox alloys. We will focus here on the most common cobalt
ratio: xCo = 5 (Section 2.1). After, we will present the peculiar static magnetic distribution
of NdCox and Permalloy when they are placed in proximity, separated just by a thin
non-magnetic material (Section 2.2). To continue, we will describe how this static magneti-
zation modulates the dynamic behavior of the whole system resulting in reconfigurability
(Section 2.3.1) and nonreciprocity (Section 2.3.2). Finally, some possible improvements are
listed and the conclusions will be given.

2. Results and Discussion
2.1. Nanodomain Size

One of the main issues that the low PMA thin films present in order to host domains at
the nanoscale is that to develop a domain structure with out-of-plane components (called
weak stripe domains), the sample must be thicker than the so-called critical thickness:
tc [29]. If the film is not thick enough, the samples prefer to rest in the monodomain
state (or at list in-plane magnetized state due to the shape anisotropy). tc is dependent on
the PMA/demagnetizing energy ratio (the so-called quality factor Q) and the exchange
constant. The onset of weak stripe domains can be viewed as a phase transition. Its
treatment leads to some analytical expressions [30] and algebraic equations [31] which can
be used to obtain tc. The repeated domain structures of these weak PMA materials can be
characterized by a critical spatial wavelength (λc) when the film thickness is close to the
critical one (tc). So, there is a minimal wavelength for stripe domains as the thickness is
lowered (keeping the film magnetic parameters fixed).

From the theoretical point of view, λ can be found by numerical means [32] or by using
some simplifying assumptions on the spatial evolution of magnetization inside the thin
film [33]. As a general rule, it can be said that as PMA gets bigger, both tc and λ decrease.
Two origins are behind this effect: (i) a thinner film is needed to develop stripe domains
and, (ii) λ is a decreasing function of thickness (while the film is not too thin: see next
paragraph and [30]).

Even if the modern trends followed by the magnetism community are to increase the
miniaturization of devices until the nanoscale, unfortunately the low PMA thin films just
form domains ranging from a few tens of nanometers to a few hundreds. On the contrary,
domains in high PMA materials can have out-of-plane magnetization components even
in few-nm-thick materials. But the price to pay in these ultrathin materials is that the
exchange energy has an increased weight in the total energy of the samples. This fact
widens the stripe domains, and the domain size/thickness ratio becomes much greater
than one [34]. As we will see shortly, this ratio can be close to 1.5 in low PMA materials.
Among the low PMA materials used in our laboratory, the harder one is NdCo5. Under the
common sputtering parameters used for its growing we have observed a stripe domain
structure even in a 29 nm thick film. The FFT of the corresponding MFM image results
in 45 nm wide domains (implying λ to be 90 nm). We will begin by characterizing the
domains of the NdCo5 composition at the remanent state.
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We have selected two thicknesses close to the experimental one above-mentioned to
illustrate the behavior close to criticality: 35 nm and 45 nm. The free GPU-based MuMax3
micromagnetic simulator was used for the simulations [35]. Among the MuMax3 outputs,
the total energy density and its components can be found. Figure 1a displays the calculated
total energy density weak stripe domain structure as a function of its wavelength λ. Blue
and red arrows indicate the wavelength of the minimal total energy density, λ*, for the
35 nm thick and the 45 nm thick nm at a given exchange constant (A = 7 × 10−12 J/m).
When the simulated film thickness approaches the nominal one growth, 29 nm, we can
see that the predicted λ*, which gets closer to the one measured. In particular, the 35 nm
thick (45 nm thick) film presents a λ* equal to 105 nm (127 nm). As thinner films are
modelled, the experimental domain width/thickness ratio (1.55) is approached (from
below). Figure 1a also reflects that for changing, λ* is more effective of a thickness variation
than an exchange constant variation. This conclusion can be extracted from the comparison
between i) the red (A = 5 × 10−12 J/m) and black curves (A = 7 × 10−12 J/m), having equal
thickness and ii) the blue (t = 35nm) and black curves (t = 45nm), both being calculated
with A = 5 × 10−12 J/m. For similar relative changes of both A and t (~25%), the relative
change of λ* is around four times lower in the first case (~5/127 = 4%).
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On the other hand, Figure 1b reports the behavior of the three individual terms, sum-
ming up in etot versus λ- e tot has contributions from PMA (eK/black), the demagnetizing 
energy (eD/blue) and the exchange energy (eA/red). Empty symbols belong to the 45 nm 
thick film and the empty ones to the 35 nm thick film [35]. In Figure 1b, the exchange 
constant, A, was kept fixed to 7 × 10−12 J/m. The saturation magnetization and perpendic-
ular anisotropy used can be found in the methods section. As shown in Figure 1b, the 
exchange interaction favors bigger λ while the demagnetizing term promotes smaller 
ones. The anisotropy energy density is more sensitive to λ variations in the low λ range: 
here, regions of the material with magnetization not aligned to the easy axis represent a 
meaningful contribution to the total volume and increase the energy density. Another 
conclusion extracted from Figure 1b is that thinner NdCo5 films result in greater absolute 
values of the energies involved. At the same time, the second derivate of the total energy 
density grows until the film becomes completely in-plane magnetized at tc. We did not 
continue to further the analysis of the thickness impact due to non-negligible mistakes for 
the predicted tc. 

Figure 1. (a) Variation of the total energy density as a function of the stripe domain wavelength for a 45 nm thick (red and
black) and 35 nm thick (blue) NdCo5; (b) energy density contributions for 45 nm thick (full dots) and 35 nm thick (empty
squares) NdCo5 films. The exchange is kept constant for (b). No external magnetic field is considered.

On the other hand, Figure 1b reports the behavior of the three individual terms, sum-
ming up in etot versus λ− etot has contributions from PMA (eK/black), the demagnetizing
energy (eD/blue) and the exchange energy (eA/red). Empty symbols belong to the 45 nm
thick film and the empty ones to the 35 nm thick film [35]. In Figure 1b, the exchange
constant, A, was kept fixed to 7 × 10−12 J/m. The saturation magnetization and perpen-
dicular anisotropy used can be found in the methods section. As shown in Figure 1b,
the exchange interaction favors bigger λ while the demagnetizing term promotes smaller
ones. The anisotropy energy density is more sensitive to λ variations in the low λ range:
here, regions of the material with magnetization not aligned to the easy axis represent
a meaningful contribution to the total volume and increase the energy density. Another
conclusion extracted from Figure 1b is that thinner NdCo5 films result in greater absolute
values of the energies involved. At the same time, the second derivate of the total energy
density grows until the film becomes completely in-plane magnetized at tc. We did not
continue to further the analysis of the thickness impact due to non-negligible mistakes for
the predicted tc.
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2.2. Static Properties of Stripe Domains

The energetics found in the previous subsection come from the inner distribution
of NdCo5 magnetization. This distribution is visualized in Figure 2 where the three
magnetization components of a 65 nm thick NdCo5 layer in the (0YZ) plane transverse to
the stripe direction (0X) are shown. Only one full wavelength of the stripe domains, λ*, is
considered at the remanent (MFM measurements reveal a stripes wavelength ~140 nm [36]).
Figure 2a shows the cartesian axes used through this work and the direction used for the
saturating external field. The out-of-plane component of the magnetization (mz) can be
observed in Figure 2b. A big part of the stray field that the Permalloy feels (placed on
top of the Al/NdCox bilayer) is due to that component. Figure 2c shows the in-plane
magnetization component perpendicular to the stripes main direction (my). Its value lies
in the lowering of the demagnetizing energy that it affords. The triangular domains inside
Figure 2c are commonly denoted as closure domains (due to its flux closing properties)
or Néel caps (due to the nature of its domains walls) [11]. Finally, Figure 2d shows the
domain magnetization along the stripes (mx). The main difference between weak PMA
and hard PMA materials is that in the latter case, only the magnetization component of
Figure 2b is markedly different from zero.

Figure 2. Sixty-five nm thick NdCo5 remanent state: (a) reference axes, applied field direction and sketch of the stripe
domain structure; (b) out-of-plane magnetization, in-plane components of the sample: (c) perpendicular; (d) parallel to the
applied field HDC.

The main topic of this work is the using of magnetic materials presenting weak stripe
domain structures in the fabrication of devices working in the GHz range [37]. However,
NdCox alloys (due to its rare-earth content) have a very broad resonance which prevents its
use as a good material for dynamics. We have recently shown how the growing of hybrid
systems can help in surpassing this difficulty [36]. If another material with the appropriate
dynamic properties (Permalloy in our case) is grown on top of NdCox, the stripe domain
structure of the latter is, at least partially, imprinted on Permalloy. In this way, Permalloy
achieves the nice properties of stripe domains. We will consider a 10 nm thick Permalloy
through this work. Notice that the interaction between the top and bottom layers must
not be through direct contact: in this case there would be a tight movement of Permalloy
and NdCox which affects Permalloy dynamics. The exchange interaction between the two
materials results in a globally poor dynamic performance. Due to this feature, we have
used a few-nm-thick sputtered Al film as a separator. Al thickness also serves to control
the NdCox stripe domains imprinting on Permalloy: a thicker Al lowers the NdCox stray
field on Permalloy.

Figure 3 summarizes the magnetization state of the hybrid when a 10 nm thick
Permalloy is coupled to a 65 nm thick NdCo5 film through a 2.5 nm thick Al separator. We
have selected this Al thickness among the experimental ones used [36] because here, the
effects of the NdCo5 stray field on Permalloy are the biggest ones. Before being plugged
to NdCox, Permalloy is magnetized completely in-plane (due to its IMA). Once placed
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in close proximity to NdCox, the average in-plane Permalloy magnetization is parallel to
the stripe domains’ direction set in by HDC (shown in Figure 2a). This characteristic is
observed regardless of the IMA Permalloy easy axis direction and it is due to the so-called
rotatable anisotropy of stripe domains [13]. On the other hand, Permalloy also takes part
in some sense in the uppermost closure domains of the whole sample (Figure 3b).

1 
 

 
Figure 3. Remanent state of the NdCo5-(2.5 nm-Al)-Py film; (a) 1-D profile of the out-of-plane angle through the thickness
along an upwardly magnetized domain; (b,d) in-plane magnetization components: parallel, perpendicular to the previously
applied HDC; (c) out-of-plane magnetization. Red symbols of (a) are in correspondence with the white ones of (c). The
magnetization units are KA/m. Black dashed lines in (c,d) indicate the place where the 1-D cuts in Figure 6b,c are obtained.

It means that the weak stripe domain distribution is imprinted partially in Permalloy
and, due to its low anisotropy, Permalloy develops a 1-D periodic structure of magneti-
zation. In addition to the non-zero My inside the closure domains, an out-of-plane Mz is
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developed (Figure 3c) and Mx becomes lower than MS (Figure 3b). In Figure 3a we can
see the 1-D variation of the angle between the magnetization and the film plane along
the normal of the film. The variation is shown only for one of the domains with its mag-
netization pointing up (red domains in Figure 3c). Observe first that the out-of-plane
angle does not cancel inside the closure domains (red circle and red star). These non-zero
values imply that the magnetization at these places also contribute to the stray field in
Permalloy. Secondly, the middle of the sample (red triangle) has a similar configuration
to the one exhibited by hard PMA materials: the magnetization here is almost completely
out-of-plane (in fact, the out-of-plane magnetic distribution of NdCo5 in the trilayer is
similar to its distribution as a single layer). Finally, the red rectangle indicates that the
average Permalloy magnetization is rotated 15◦ from the film plane. This angle is mainly
the result of the balance of the action on Permalloy magnetization of both the NdCo5 stray
field and the Permalloy demagnetizing field. Figure 3c contains white symbols signaling
the positions where the red symbols of Figure 3a are placed. To complete this picture, we
show in Figure 4a the full 3-D view of the whole structure and in Figure 4b, a zoom of the
Permalloy and the NdCo5 top part with unitary vectors [38].

Figure 4. Remanent state of the NdCo5-(2.5 nm-Al)-Py; (a) global image of stripe domain structure; (b) zoom of the previous
image (red triangle in (a)) containing unitary vectors [38].

2.3. Dynamics of Stripe Domain Dynamics

Once the static magnetic structure is characterized, one can go ahead with studying
the dynamic properties of the stripe domains. The study is done by using the following
transversal configuration where there are two applied magnetic fields: (i) a static one along
a particular direction (the above mentioned HDC) and (ii) a small time-varying field applied
crossed to the former (hpulse). Both are applied in-plane.

We will only focus on the case where HDC is applied along the NdCox in-plane
hard axis: experimentally, the biggest effects have been found for this particular case [36].
Following the procedure reported in the methods section, we keep the magnetic system
under linear response by applying a low amplitude hpulse: 1mT. The hpulse temporal
variation follows a decreasing exponential to sample a broad frequency range with a
unique numerical experiment (see Figure 5a). The temporal magnetic response (mz) is
followed for 15 ns. In Figure 5b we can see mz(t) for three HDC values of decreasing
amplitude. The obtained mz(t) is interpolated to values at regularly spaced times with
Matlab© (this step must be done due to the fact that MuMax3 uses a variable time step
procedure for the integration of the magnetization equations of motion). The interpolated
mz(t) is then Fourier transformed to find the amplitudes in Fourier space. Figure 5c presents
the corresponding amplitudes of Permalloy (red) and NdCo5 (blue), normalized to the
spectral for the amplitude of hpulse, for the HDC = 50nm case.
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Figure 5. NdCo5-(2.5 nm-Al)-Py; (a) temporal evolution of hpulse applied to the hybrid structure; (b) out-of-plane, mz,
dynamic Py response for HDC = 80, 60 and 50 mT (from left to right); (c) amplitude of the FT response of NdCo5 (blue) and
Permalloy (red) under 50 mT.

2.3.1. Reconfigurability

When the FMR is tracked, as HDC is varied, the VNA-FMR (fres vs. H) has a hysteretic
behavior in analogy to the vibrating sample magnetometer hysteresis curves (M vs. H) [36].
The results of our simulations on a Py-(10nm-Al)-NdCox trilayer (see methods) also account
for the hysteretic behavior. Figure 6a includes the low field view of the change of the trilayer
FMR when HDC is reduced from HMAX to –HMAX (black curve) and HDC increases from
–HMAX to HMAX (red curve). As the saturation field of the system is close to 150 mT, HMAX
was set to 800 mT. Despite the low density of simulation points, we can see that there is
a difference in resonances for the descending-HDC (black) and the ascending-HDC (red)
branches. We find that if HDC is 50 mT, the resonances are ~5.7 GHz (~6.1 GHz) for the
ascending-HDC (descending-HDC) applied fields. This implies a relative change of 6.6%.
Experiments reflect a greater frequency difference: it can reach up to 25% for the used thin
film geometry [36]. This discrepancy suggests that further magnetic parameters fitting
needs to be done in these simulations.

Despite these divergences between the simulations and experiments, some conclusions
can be obtained. What is the origin of this FMR difference? An answer to this question is
reached by observing the characteristics of the two states of Figure 6a surrounded by a
green rectangle. Both states are under the same field HDC (50 mT) but they have a different
magnetic history. Figure 6b,c show 1-D cuts of two Permalloy reduced magnetization
components: mz and my. The black (red) color indicates the results for the descending-HDC
(ascending-HDC) branch. The values are taken from the black dashed lines in Figure
3c,d. The out-of-plane component, mz, is the one which better characterizes the dipolar
interaction of NdCox and Permalloy through Al. On the other hand, my gives a measure of
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the capability of NdCox to avoid magnetic charges. As can be seen, the ascending-HDC
branch exhibits greater my and mz than the descending-HDC branch.

Figure 6. 65nm-NdCox-(10nm-Al)-Py: (a) Permalloy ferromagnetic resonance (FMR) evolution versus external field, 1-D
profiles of reduced magnetization components under 50 mT; (b) mz; (c) my profiles are extracted from the black dashed lines
at Figure 3c,d. In all Figures, black (red) colors belong to the descending-HDC (ascending-HDC) magnetic field branch of (a).

It must be taken into account that the source of the periodical motion of magnetization
around its equilibrium value is the so-called internal field [35]. Each energy term con-
tributes to the total internal field with its own effective field. So, as a result of the difference
in the static magnetization in the two states considered in Figure 6a, the internal field felt
by Permalloy is different for the ascending-HDC and descending-HDC states. Roughly
speaking, it can be said that the magnetization of the ascending-HDC state has an increased
vortex character when compared to the magnetization of the descending branch. The
greater vorticity of NdCox magnetization implies a lowering in: (i) the NdCox stray field
on Permalloy; (ii) the Permalloy demagnetizing field (both resulting from the convolution

of the corresponding magnetization and a geometrical tensor:
↔
N); (iii) and the Permalloy

exchange field (set by the second spatial derivate of Permalloy magnetization). On the other
hand, there is an increase in the anisotropy field of Permalloy (proportional to mx

2) [35].
All of these four fields act on the Permalloy magnetization. The fact that the FMR of the
ascending-HDC state is the lowest means that the three former mentioned anisotropy fields
cannot counterbalance the action of the anisotropy field in stablishing the Permalloy FMR.

We performed another kind of analysis of the hysteretic behavior of the fres vs. HDC
curves. We excited the whole film with a sinusoidal hAC field of amplitude 1mT (Figure 7a).
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The individual FMR of each state was accounted for in hAC. Along Figure 7, the results
marked with a green (blue) color belongs to the descending-HDC (ascending-HDC) state
under HDC = 50 mT. Even if the whole temporal evolution is saved (Figure 7b), we just
analyzed the stationary range inside the colored rectangles (Figure 7c,d). The temporal
evolution of the average Permalloy magnetization (red curves) along hAC (black curves) for
these two states results in two different elliptical motions of mx at each FMR. The ellipses
are the combined result of a sinusoidal my(t) with a different amplitude and different phase
relative to hAC(t). The ascending-HDC state has an elliptical motion of lower amplitude
and lower my-hAC dephasing. These two facts confirm the interpretation given above: the
ascending-HDC state has the lowest internal field amplitude.

Figure 7. NdCox-(10nm-Al)-Py: (a) sinusoidal hACx temporal evolution for: descending-HDC (0–7.5 ns)/ascending-HDC

(7.5 ns–15 ns); (b) corresponding average my(t) in Permalloy, joint temporal stationary variation of average my in Permalloy
and hAC; (c) descending-HDC (green); (d) ascending-HDC (blue).

With this change in FMR, the hybrid trilayer can be used in future reconfigurable
resonators (with performance at relatively low magnetic fields). Its working principle is as
follows: once the system is set at one frequency under a given field strength (here called
operation-field: ~40 mT [36]) reconfigurability is achieved due to a so-called erasing-field.
The erasing-field must match two characteristics: (i) it may be strong enough to put the
system in the reversible part of the hysteresis loop: ~75 mT [36]; (ii) it must be antiparallel
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to the actual average magnetization of the stripe domains: ±mx. Once the erasing-field is
applied and the applied field returns to the operating-field value, the hybrid will work at
the other available FMR.

2.3.2. Nonreciprocity

Finally, we want to point out another interesting characteristic of the hybrid material
presented. As will shortly be proved, simulations show that our hybrid system offers
nonreciprocity in the spin waves emitted from an exciting antenna. This property is useful
in the building up of logic devices, switches and interconnects. Behind the motion of the
whole magnetization (the FMR mode) a motion of the magnetization at selected parts
inside the sample can be also achieved [39]. This motion is carried by spin waves. There is
a recent interest in using the domain walls as channels of spin waves motion through field
confinement [23]. Due to the especial geometry of the stripe domains (see Figure 2a), we
have explored the capability of our weak stripe domains to channel spin waves.

The numerical experiment has been done again on the NdCox-(10nm-Al)-Py trilayer
using only its remanent state. The spin wave motion has been performed by applying hAC
only locally (see Method section). Figure 8 shows the obtained results for a hAC frequency
equal to 2.5 GHz. A temporal snapshot of ∆my is presented: the difference between the
reduced magnetization parallel to hAC, my(τ), and its equilibrium value my(τ = 0). Figure 8
give us two characteristics of the excited spin waves: (i) spin waves mainly propagate

along one sense
→
k , for a given domain (along the other sense, −

→
k , spin waves are highly

damped); (ii) the allowed
→
k are antiparallel in two neighboring domains (when the blue

curve represents the guided spin waves along
→
k , the red curve represents spin waves

along −
→
k ). When analyzing the distributions of mx and ∆mx it can be stated that the

allowed spin waves excited by the local hAC at a given domain obey the following law:
→
k =

→
m × →n [40]. Here,

→
n denotes the film normal and

→
m the reduced magnetization of the

Permalloy domains. The spin wavelength reported in Figure 8, λSW, is close to 122 nm
for both Permalloy domains. The wavevector is parallel to the previously applied field
HDC (which at the same time sets the stripe domain/spin wave channel direction) and its

module
∣∣∣∣→k ∣∣∣∣ is 51 rad×µm−1. The imaging of the spin waves at this spatial scale can be

reached with X-ray techniques as recently demonstrated [41].

Figure 8. NdCox-(10nm-Al)-Py. Temporal snapshot of the deviation of the y-component of the
Permalloy reduced magnetization from its equilibrium value. The exciting field frequency is 2.5GHz.
HDC = 0 mT.
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Several origins have been found for explaining nonreciprocity in magnetic multi-
layers: interfacial-DMI exchange, spin pumping-based nonreciprocal damping, dipolar
interactions or superficial anisotropies [42] and the nonreciprocal emission of waves by
the antenna [43]. While the first two possibilities do not apply to our simulations (as they
imply the existence of other kinds of materials) the three later ones are possible candidates.
It is known that Ni-Al and Co-Al alloys form at room temperature, so the Al diffusion
in Permalloy and NdCox cannot be neglected [44,45]. Interdiffusion will decrease the
actual magnetic volume of the layers and/or promote the creation of different magnetic
parameters at interfaces. Our micromagnetic simulations assume that the Permalloy and
NdCox parameters are uniform so there is no room for special superficial parameters
causing nonreciprocity (although they can be added to evaluate its influence and to better
fit the experimental results). On the other hand, it must be considered that the NdCox stray
field is non-homogeneous along the film normal: its magnitude gets lower as we move
away from the Permalloy-Al interface. The effect of this decay could be cast in terms of an
effective superficial anisotropy or a graded material [46]. It is likely that the magnetization
in Permalloy is parallel to the stray field of NdCox (which sustains the interaction between
Py and NdCox in our system) and it makes the major contribution to the internal field felt
by Permalloy. Further studies need to be taken to confirm this hypothesis and quantify the
influence of each source.

For future research, several directions can be highlighted. The resonant frequency can
be boosted by thin film patterning [47] or by using synthetic antiferromagnets (SAF) [48]
and ferrimagnets [49] instead of Permalloy. Another promising area of research is the light
control of magnetism which allows for reaching the faster terahertz range [50]. In this
sense, stripe domains in high Q materials have been rotated by light pulses recently [51].
On the other hand, a higher miniaturization level could be achieved by an extension of
spin waves to the pure exchange driven regime which results in lower wavelengths [52].
Finally, in order to build highly energy efficient spin-wave devices, voltage driven magnets
should be fabricated [53,54].

3. Conclusions

In summary, we have shown how a hybrid magnetic material presenting weak stripe
domains can exhibit the reconfigurability of certain functions in the GHz range. The sys-
tem works thanks to the inherent crossed anisotropies of the system. These combined
anisotropies allow the selection of different internal field strengths in the system through a
proper magnetic history. We showed that reconfigurability is achieved under a magnetic
field strength one order of magnitude lower than in previous systems [55]. The nonrecipro-
cal emission of spin waves was also numerically shown, originated by interdiffusion effects
at interfaces, inhomogeneity of stray field from the PMA material and/or the nonreciprocal
emission of spin waves from the antennas. These two characteristics (reconfigurability and
nonreciprocity) convert our hybrid system in a candidate for future magnonic devices.

4. Materials and Methods

Micromagnetic simulations were performed with the following magnetic parame-
ters of our former work [36]: γ is 15.9 × 1010 radT−1s−1; for NdCo5: K⊥ = 16.2×104 J/m3,
MS = 1000 KA/m, A = 0.7 × 10−11 J/m; for Py: Ku = 423 J/m3, MS = 846 KA/m,
A= 1.2 × 10−11 J/m; for NdCox we tentatively used K⊥ = 5.4 × 104 J/m3, MS = 390 KA/m,
A = 0.35 × 10−11 J/m. γ is the gyromagnetic ratio, K⊥ the uniaxial PMA, MS the saturation
magnetization, A the exchange stiffness constant and Ku the uniaxial IMA. The trilayers
were modelled by cells with a 5 × 5 nm2 in-plane surface. Its height was 2.5 nm (2 nm) for
an aluminum spacer thickness of 5 nm (10 nm). The surface of the working area is 0.482

(0.962) µm2 for the NdCo5 (Py/Al/NdCox) sample. Two-dimensional periodic boundary
conditions are applied in the plane to approximate an infinite sample behavior. The visual-
ization of Figures 2 and 3 was done with Matlab©. The visualization of Figure 4 was done
with Muview [38].



Magnetochemistry 2021, 7, 43 12 of 14

The different dynamic responses were simulated as follows. The results in Figure 5
were obtained with the methodology already described in [36]. The results in Figures 7 and 8
were obtained by applying a sinusoidal source having a soft increasing envelope: (1-exp(-
at)) sin(w×t), for t > 0. a = 0.5 ns−1 as in [36]. The damping parameter is reduced from α = 1
(used for static simulations) to a smaller value of 0.08 for NdCox and 0.01 for Permalloy [36].
For Figure 8: (i) the surface of the working space was changed from squared (see above)
to rectangular: 5.62 × 0.96 µm2; (ii) the periodic boundary conditions were suppressed;
(iii) an enveloping area with increased damping at the edges of the working area was used
to simulate infinite extent samples (absorbing boundary conditions) [56]. The magnetic

field was applied on a single row spin, transversal to the wavevector,
→
k in order to take

advantage of the absorbing boundary conditions (the cell 512th in Figure 8). We have
checked that the width of the simulated antenna did not change the results presented up to
a 0.8 µm wide antenna.

Funding: This work was funded by the Spanish Ministry of Science and Innovation (Project PID2019-
104604RB/AEI/10.13039/501100011033).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Mumax scripts are available from the authors upon request.

Acknowledgments: This work is dedicated to J. M. Alameda on his 71th birthday.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:
1-D Uni-Dimensional
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